Four laboratory modules were designed for introductory biology students to explore the field of metagenomics. Students collected microbes from environmental samples, extracted the DNA, and amplified 16S rRNA gene sequences using polymerase chain reaction (PCR). Students designed functional metagenomics screens to determine and compare antibiotic resistance profiles among the samples. Bioinformatics tools were used to generate and interpret phylogenetic trees and identify homologous genes. A pretest and posttest were used to assess learning gains, and the results indicated that these modules increased student performance by an average of 22%. Here we describe ways to engage students in metagenomics-related research and provide readers with ideas for how they can start developing metagenomics exercises for their own classrooms. † † Brian Gibbens and Cheryl Scott contributed equally to this manuscript.
INTRODUCTION
Metagenomics is a culture-independent technique that strives to collect and analyze the complete microbial DNA contained in a given environmental sample. The rapidly advancing field of metagenomics promises real-world applications and advances for medicine, industry, alternative energy, and environmental remediation (1) . Given estimates that less than 1% of the microbes in an environmental sample can be cultured in the laboratory (4, 7) , metagenomics has grown to be an important tool for analyzing populations of organisms for taxonomic diversity and as a potentially rich source of novel proteins and enzymes (8) . As a highly multidisciplinary field, metagenomics makes an ideal teaching platform to convey basic concepts of microbial diversity and evolution (2) . The straightforward techniques and tools used in metagenomics can be successfully used by relatively inexperienced students and have the potential to generate vast amounts of mineable data. Students will experience the research process by developing hypotheses, designing experiments, and analyzing data they generate in the laboratory. While learning basic principles, students have an opportunity to contribute to the rapidly expanding field of microbial ecology and experience first-hand the excitement of scientific discovery (3) .
The metagenomic modules we developed make use of the Minnesota Mississippi Metagenomics Project (M3P) (http://www.mississippi-metagenome-project.umn.edu/), which is an ongoing project that examines the microbial populations in different regions of the Mississippi River extending from its origin at Lake Itasca to its confluence with the Zumbro River. Sampling sites differ in agricultural use, population density, industrial development and potential sources of contamination, which can influence the types of microbial populations found in the local land and water habitats (5, 6) . Although the laboratory modules we have designed take advantage of the resources available from the M3P, environmental samples can be taken from many different sources, and the modules can be easily adjusted to accommodate different geographical locations or varieties of ecosystems.
Here we describe four laboratory modules that use sequence-based and function-based metagenomics as a platform for students to explore microbial populations in environmental samples and to formulate hypotheses regarding changes in microbial populations in response to different environmental conditions. The modules include collecting environmental microbes, extracting DNA from those microbes, designing a functional metagenomics screen, and analyzing metagenomic sequence data using online bioinformatics tools. The laboratory modules were created to introduce students to the theory and applications of metagenomics while simultaneously addressing several different basic biology concepts.
Intended audience
The metagenomic modules were designed for students in an introductory biology course who are non-science majors, early in their college careers, with no prior laboratory experience. These modules would be equally appropriate for use in introductory courses for students who intend to major in Biology or related disciplines such as Microbiology, Genetics, or Biotechnology.
Learning time
Biology 1009 has both lecture and laboratory components. The lecture meets for 75 minutes twice a week, and the laboratory section of the course meets once a week for two hours. Each laboratory meeting usually begins with a brief quiz to assess student preparedness for the lab, followed by a 5-10 minute introduction to the lab activity by the teaching assistant. The introduction emphasizes the learning objectives and major concepts for the lab, general procedures, and safety issues. Each of the metagenomic modules takes approximately 100 minutes to complete.
Prerequisite student knowledge
Most students in the class will have had a biology course in high school and perhaps some preparation in chemistry. However, there are no college-level prerequisites for this course and no prior laboratory experience is expected or required. The laboratory portion of the course is taken in conjunction with a lecture. The subjects covered in lecture generally coincide with the order of the laboratory modules, and thus the lecture material provides substantial background information for the lab. The coordination between the lecture and laboratory limits the placement of the metagenomic modules to particular times during the semester. The textbook, lab manual, and other resources provide students with additional background information.
Learning objectives
Upon completion of these modules, students will be able to:
1. Define metagenomics and explain how it is used to study microbial populations in environmental samples. 2. Explain rarefaction curves and operational taxonomic units and how 16S rRNA gene sequences can differ among organisms in an environmental sample. 3. Compare sequence-based and function-based metagenomics; explain how 16S rRNA gene sequences can classify microbes and how a fosmid library of genomic sequences can be used to identify novel proteins. 4. Use bioinformatic tools to classify organisms, develop a phylogenetic tree, and identify homologous genes.
In addition to these overarching learning objectives, each of the four laboratory modules has several specific learning objectives (Table 1) .
PROCEDURE

Materials and equipment
Four metagenomics lab modules were performed during the course of the semester: "The Microbial World," "Extracting the Microbial Metagenome," "Sequence-and Function-Based Metagenomics," and "Bioinformatic Analysis of Metagenomes." The four labs were designed to be carried out in succession; however, this is not a requirement (see possible modifications section). To complete each lab module, the following materials, reagents and equipment were used (a complete and detailed list is provided in Appendix 
Student instructions
Each of the four lab modules in the metagenomics series has a specific focus, yet they are also highly connected by a common metagenomics theme. Prior to the Microbial World lab module, each student collected an environmental water sample of his or her choice. During the Microbial World lab module, students 1) examined microbial diversity by observing and characterizing prokaryotic and eukaryotic microbes found in the commercially prepared pond water and recorded their findings in their lab book, and 2) collected the bacteria from their environmental water samples by filtration. The bacteria from those water samples were then frozen for use in the Extracting the Microbial Metagenome lab module, where students extracted the bacterial DNA. The extracted bacterial DNA served as a template in a modified polymerase chain reaction (PCR). Subsequently, 
Faculty instructions
Our experience with these lab modules has given us several general insights into how to implement these labs successfully. First, as with any new lab, it is recommended that instructors and lab support personnel perform these labs themselves before testing them with students. Second, students will likely perform better if these modules are coupled with instructional videos (see Appendix 2) and/or lectures about metagenomics before entering the lab. Third, we have found that creating small aliquots of the reagents for the students helps to minimize contamination issues and results in a more uniform experience for the students. Fourth, students should be explicitly encouraged to think critically when they are designing their experiments and reminded that the best experiments usually involve additional research and group meetings outside of class. Finally, it is very important to keep the students on task; the time should be closely monitored to ensure that the students have enough time to finish. More information about each lab module is available in Appendix 2. Additional detailed faculty instructions can be found in Appendix 3.
Suggestions for determining student learning
Assessments for monitoring student learning and evaluating student performance (grades) used formative and summative methods, respectively. Formative assessment was achieved through questions asked in the handouts. In the Microbial World lab module, students recorded the characteristics of the microbes they observed. In the Extracting the Microbial Metagenome and Sequence-and Function-Based Metagenomics lab modules, students analyzed and drew conclusions from experimental data (i.e., sample diversity and antibiotic resistance respectively). Also, in the Sequenceand Function-Based Metagenomics lab module, an informal presentation was given. In the Bioinformatic Analysis of Metagenomes lab module, the students performed specific bioinformatic analysis activities as directed in the handout and recorded their results. For each of the lab modules, short-answer questions were provided in the handout, which the students used to check their understanding of the material. Summative assessment for the purpose of assigning a grade was accomplished through prelab and major quizzes. Detailed descriptions of the assessment tools can be found in Appendix 4.
To determine student learning of metagenomics concepts and the effectiveness of the metagenomics lab modules, a pre-/posttest assessment was designed. This assessment consisted of eight multiple-choice content questions, four student information questions, and one control question (Appendix 5). We encouraged students to take the assessment by offering them bonus points for completion of the pre-/posttests. Students who scored less than 50% on these tests earned one bonus point, and students who scored greater than 50% earned two bonus points.
Sample data
During the Microbial World lab module, each student completed a table of the characteristics (i.e., a drawing, an estimate of the size, a description of the mode of motility, etc.) of the microbial organisms they found in commercially prepared pond water samples. In the Extracting the Microbial Metagenome lab module, students ran and analyzed their PCR product on an agarose gel. Up to 11 student samples could be observed on each gel image. During the Sequence-and Function-Based Metagenomics lab module, each group of four students examined three LB-agar plates with 7 μg/mL chloramphenicol and selected antibiotic discs to determine antibiotic resistance profiles. Each group recorded data on the size of the clearing zone around the antibiotic discs on the plate, the number and size of resistant colonies, and the distance of resistant colonies from the disc. Finally, in the Bioinformatic Analysis of Metagenomes lab module, the students used the Integrated Microbial Genome (IMG) website to analyze phylogenetic distance trees and compare genomes to metagenomes. Results of these analyses and comparisons were recorded in the handout. Examples of expected outcomes and student sample data are presented in Appendix 6.
Safety issues
Students used standard safety practices and wore standard laboratory protection. Other specific safety instructions are listed below. Sequence-and Function-Based Metagenomics 1. All plates and equipment (e.g., spreaders and pipette tips) used with E. coli should be discarded in a biohazard container that has a lid and contains a clear biohazard bag. The biohazard bag is autoclaved when the lab is complete. 2. Closely monitor the forceps when they are being sterilized with the burning alcohol lamp to prevent fires. 3. Ask students with known allergies to specific antibiotics to not touch anything that has come in contact with those antibiotics (e.g., antibiotic discs, forceps, or plates).
Bioinformatic Analysis of Metagenomes 1. There are no safety issues associated with this activity
DISCUSSION
Field testing
These lab modules have been tested and revised for the past seven semesters and they have been used in their current form for the past two semesters. A total of 635 students completed these modules in the fall of 2013. These students were divided into 32 lab sections, which each had 20 ± 4 students. Student demographic data for those included in this study are shown in Table 2 . The majority of these students were sophomores with undeclared majors. Ethnicity, gender, class standing, and international status data indicate a moderate level of student diversity in our study population.
These labs will likely scale well to smaller or larger groups. Set-up time is similar to other labs in this course. These labs are not cookie cutter labs; they provided students with an engaging research experience. However, they are more costly than the other labs in this course (Appendix 1).
Feedback on these lab modules has been overwhelmingly positive. The teaching assistants indicated that the hands-on interactive nature of these modules keeps students engaged and invested in learning the final outcome. The non-biology majors in the University Honors Program who piloted these modules were also very impressed. We do not have space to include all of their laudatory comments but here is a representative sampling:
It gave me a really concrete example of some work that I could do, a career path. It made me interested in possibly pursuing a career in microbiology.
The text and lab got me more interested in the area of functional metagenomics.
Learning about how medicine can be derived from microbes seems like it would be interesting to research.
I just really feel that the hands-on experience we get to do really helps me to understand our material more.
The best part was examining the resistances of the microbes at certain locations and hypothesizing the reasons why.
Evidence of student learning
Data from the pre-/posttests were processed prior to analysis. Data were eliminated from students who 1) did not elect to participate in the study, 2) did not take both the pretest and the posttest, or 3) did not answer our control question correctly. The control question, "The University of Minnesota is in which state?" was intended to identify students who were answering the questions randomly. A total of 504 out of 635 students met the inclusion criteria. The average percent correct was calculated for each question and for the quiz as a whole. A single-tailed paired t-test was performed to compare the pretest and posttest data for each question. P values less than 0.05 were regarded as significant.
The results of this pre-/posttest analysis showed that students performed significantly better on the posttest than they did on the pretest (Fig. 1) . This is true for each individual question and for the test as a whole. When analyzing the pre-/posttests in their entirety, the results showed that student performance increased from an average of 49% correct on the pretest to an average of 71% correct on the posttest. The most significant learning gains were seen for questions 5 (47% increase) and 6 (48% increase), which related to 16S rRNA and gel electrophoresis, respectively (Fig. 1) . Poor pre-/posttest performance on question 2 indicates that students struggled the most with sequence-based metagenomics ( Fig. 1 and Appendix 5), an intrinsically complex topic that perhaps needed additional explanation by the teaching assistants. Student performance on the pretest exceeded our expectations. More than half of the students were able to answer questions 1, 3, 4, 7, and 8 correctly ( Fig. 1 and Appendix 5). Student scores were substantially higher than the 25% correct that would be expected due to random guessing alone. This result was very surprising given that 89% of respondents had no prior research lab experience and 97% indicated that they had not been exposed to metagenomics in any of their prior classes (data not shown). Despite high pretest scores on these questions, students increased their posttest performance by working through these metagenomics modules. For example, the percentage of students that answered question 1 correctly went from 78% on the pretest to 96% on the posttest (p < 0.0001).
The multidisciplinary nature of metagenomics can be used to introduce a wide range of different biology topics. Evolution, microbial ecology, phylogeny, and genetics are just some of the topics that are addressed with these modules. Learning gains on questions 3, 6, 7, and 8, which address PCR, gel electrophoresis, distance trees, and hypothesis formation, respectively, show that these modules can be used to teach core biology topics in addition to metagenomics ( Fig. 1 and Appendix 5).
Possible modifications
There are many ways in which these modules could be adapted to different course conditions. While these modules are designed to be taught together, they can also stand alone to address individual concepts. In addition, the timing of the modules could be modified. In order to align these modules with the lecture material, we elected to have several weeks between the Microbial World module and the subsequent three lab modules. An alternative approach would be to teach these lab modules consecutively to minimize the chance that students will forget material covered in the first lab before doing the subsequent metagenomics modules.
Instructors with more time flexibility and resources could have students perform DNA sequencing on their own metagenomics samples. The sequencing can be done in-house in institutions with high-throughput sequencers, or it can be outsourced. Care should be taken before adopting a sequencing approach; while it can make the metagenomics labs much more authentic, it also makes them more costly and more time-consuming as it usually takes up three to four weeks for a sample to be sequenced.
The functional metagenomics module involves working with a mixed E. coli fosmid library that was created by independently culturing isolated metagenomics clones and then subsequently mixing them together. One of the problems with this approach is that mixed libraries can be challenging FIGURE 1. Pre-/posttest results. The average percentage of correct answers that students earned on the pre-/posttests are shown for the whole test and for each question. The pretest was administered on the first day of class, before students had undertaken the metagenomics modules. The posttest was administered on the last day of class, four weeks after the modules were completed. n = 504; * indicates a p value < 0.05; ** indicates a p value < 0.0001.
to amplify. If any individual E. coli clone has a growth advantage, it could quickly dominate the library. An alternative approach that allows for easier propagation of the library is to grow and test each clone individually. While this is a closer approximation to how metagenomics screens really work, students will be able to screen far fewer clones, and some students may not find resistance to their chosen antibiotics. Regardless of how the screen is performed, another simple modification would be to change which antibiotics are tested.
The bioinformatics module is the most flexible as it allows instructors to explore optional activities without incurring extra costs. One option for more advanced courses is to use the MOTHUR program (www.mothur. org/) to analyze the metagenomics sequence reads. This program is often used by researchers in the field, it is free, and it has a wealth of online documentation. Students doing a MOTHUR module can learn about how sequences are processed before they can be effectively analyzed. Alternatively, GENI-ACT (www.geni-act.com/) allows students to annotate genes in metagenomics samples, and it features online lab notebooks for easy grading. 
SUPPLEMENTAL MATERIALS
